P haryngeal tonsillitis is a common disease characterized by inflammation of the posterior pharynx and tonsils. It can be caused by several bacterial species and viruses. Bacterial tonsillitis is most often caused by Streptococcus pyogenes, also called group A streptococcus (GAS), and in a number of cases by group G or C streptococci. GAS is the clinically most important bacterial pathogen in pharyngeal tonsillitis, not only due to the high number of cases but also because of its important link to postinfectious sequelae, such as poststreptococcal glomerulonephritis and acute rheumatic fever (1) . To avoid these complications, tonsillitis is considered to require rela-tively rapid diagnosis and treatment with antibiotics. Rapid antigen detection tests or bacterial culture is used to detect GAS from throat swab (2) . According to population studies, approximately 2.5% of asymptomatic individuals may be chronic carriers of GAS in the pharynx (3) . In acute tonsillitis, penicillin is the primary treatment of choice. Tonsillectomy, the operative removal of pharyngeal tonsils, is used to remove an existing bacterial reservoir and the site of infection from patients with tonsillar hypertrophy or recurrent/chronic tonsillitis (4, 5) .
The reasons why some individuals are more susceptible to recurrent or chronic tonsillitis are unclear. To date, environmental factors, such as recurrent exposure to the pathogen, carrier state, and differences in host immune functions, have been suggested (6) . In addition, it is not known why some individuals are prone to be asymptomatic carriers (7, 8) . Susceptibility to tonsillitis has been suggested to have a genetic component due to reported evidence of a substantial genetic predisposition for this disease (9) . There is also evidence that polymorphism in two host immunity-associated genes, TLR4A and CFH, is associated with GAS tonsillitis (10, 11) .
Several reports have shown that streptococcal throat infections may precede exacerbation of chronic plaque psoriasis as well as acute guttate psoriasis. In severe psoriasis cases, patients benefit from early antimicrobial treatment of streptococcal throat infections or tonsillectomy, suggesting a causal link (12) (13) (14) . The major histocompatibility complex (MHC) region contains a risk allele(s) for psoriasis, with HLA-C*06:02 being the most widely replicated association (15) (16) (17) . The prevalence of a pharyngeal GAS culture positivity has been shown to be higher among the HLA-C*06: 02-positive than the HLA-C*06:02-negative psoriasis patients (18) .
To explore the role of genetic variation in susceptibility of human host to tonsillitis, we performed a case-control association study using Illumina's Immunochip singlenucleotide polymorphism (SNP) array. We used clinically well-characterized cases with chronic or recurrent tonsillitis and observed that the HLA-C*06:02 allele was more common in the tonsillitis group than the control group, with an odds ratio (OR) of 2.3 (P ϭ 4.8 ϫ 10 Ϫ4 ). This indicates that tonsillitis and psoriasis share the same risk allele and may partially explain why patients with psoriasis develop tonsillitis much more frequently than nonpsoriatic individuals (12) .
RESULTS
Immunochip genotyping and association analysis among 95 Finnish tonsillitis patients and 504 controls showed strongest association on chromosome 6 at the MHC locus at two separate regions, one near HLA-C and HLA-B at 31 to 31.5 Mb (rs28732081; OR, 4.7; P ϭ 5.7 ϫ 10 Ϫ6 ) and the other near genes TRIM10 and TRIM15 at 30.2 Mb (rs2107195; OR, 3.7; P ϭ 4.9 ϫ 10 Ϫ6 ) ( Fig. 1 ).
Association analysis of the imputed HLA alleles suggested HLA-B*57:01 (P ϭ 2.5 ϫ 10 Ϫ5 ; OR, 6.2) and HLA-C*06:02 (P ϭ 4.8 ϫ 10 Ϫ4 ; OR, 2.3) as risk factors for tonsillitis ( Table 1 ). Haplotype analysis pointed toward HLA-C*06:02/HLA-B*57:01 as the haplotype conferring the strongest risk for tonsillitis (P ϭ 3.2 ϫ 10 Ϫ4 ; OR, 6.5) ( Table 2) .
As HLA-C*06:02 is a known risk allele also for psoriasis, an autoimmune condition associated with tonsillitis, we next reanalyzed a data set of 163 Finnish psoriasis patients from whom both Immunochip data and HLA-C genotype data, determined with traditional methods, were available (19) . Imputed HLA alleles matched with classical typing, which confirmed the imputation accuracy for the HLA-C locus. Comparison of the tonsillitis and psoriasis association data at the HLA locus showed that the same two association peaks at ϳ30 to 31.5 Mb were associated with both diseases, although with slightly different leading SNPs (Fig. 2 ). Association analysis of the imputed HLA alleles suggested that the same HLA-B and -C alleles and haplotypes increase the risk of both diseases ( Table 2) .
DISCUSSION
Various theories have been presented to explain the recurrence and microbiological treatment failures in tonsillitis. One important finding is the correlation between recurrent tonsillitis and the presence of the bacterial reservoir in tonsillar tissue. GAS, the most important bacterial pathogen causing tonsillitis, has been reported to be able to invade epithelial cells (20) . The intracellular survival of the bacterium and poor penetration of penicillin, the primary drug of choice, into the epithelial cells may explain treatment failures and the recurrence of tonsillitis at least in some patients. GAS is also a common finding in throat cultures of children with tonsillar hypertrophy, indicating that chronic enlargement of tonsils promotes a pathogenic bacterial reservoir (5) . Tonsillar hyperplasia is also a frequent finding among patients with recurrent tonsillitis. A clear correlation observed between tonsillar hyperplasia and increased bacterial load or increased B-and T-lymphocyte proliferation suggests that GAS is able to induce proliferation of immune cells, thereby explaining the mechanism for tonsillar hypertrophy in children (20) . Therefore, the abnormal immune response in the tonsils caused by the bacterium might explain the increase in tonsillar size and persistence of the infection. This is concordant with a recent study that shows induction of epidermal hyperplasia by streptococcal extracts via activation of skin-associated memory T cells (21) . In that work the hyperplasia-associated T cells expressed cutaneous lymphocyteassociated antigen (CLA), and such cells have also been shown to be overrepresented in tonsils of psoriasis patients (22) . This indicates that effector T cells generated in the tonsils could migrate through circulation to the skin and thereby be involved in the pathogenesis of psoriasis. The same study also shows that psoriasis tonsils have unique histological characteristics that distinguish them from other tonsils. These characteristics include smaller lymphoid follicles, lower ratios of germinal center to marginal-zone area, and fewer tingible body macrophages per unit area than tonsils from individuals without psoriasis. These histological and immunological similarities between the two diseases might explain why streptococcal infections are more common in psoriatic than healthy individuals.
The molecular mechanisms by which streptococcal tonsillitis can trigger the onset and exacerbation of psoriasis have been explained by the molecular mimicry between bacterial and human antigens. The streptococcal M protein is structurally related to epithelial keratins and shares extensive amino acid homology with keratins 16 and 17, which are not present in normal epidermis but are markedly upregulated in psoriatic lesions (23, 24) . As a consequence, the M-protein-primed T cells might recognize the atypical K16 and K17 keratin epitopes via molecular mimicry (25) .
The previous studies, however, do not fully explain the possible heritability of recurrent tonsillitis. Recently, common variants in the HORMAD2 gene on chromosome 22 were associated with tonsillectomy in a study of 1,464 patients who had a tonsillectomy for any clinical reason (26) . This gene also showed some weak evidence of association in our study population (P ϭ 0.007), where the patient selection criteria were based only on infection-related tonsillectomy. The data presented here show that the HLA locus is significantly associated with tonsillitis, with two independent association peaks. The strongest SNP association (rs2873201) was at 31.0 Mb in the intron of the MUC22 gene close to PSORS1 and HLA-C and -B loci, with several other SNPs in linkage disequilibrium (LD) within this locus. A second association peak with only weak LD with the MUC22 locus was seen within the TRIM10-TRIM15 locus at 20.1 Mb, having the strongest association with rs2107195. TRIM family proteins are known to be involved in the regulation of inflammatory and innate immune signaling (27) , and a nearby locus with the TRIM39 gene has been associated with Behcet's disease (28) , an autoimmune disease also known to be triggered by streptococcal infections (29) .
As classical HLA genes are associated with the risk of numerous inflammatory or autoimmune diseases, we analyzed the association of imputed classical HLA class I and II genes with tonsillitis. The results suggested that HLA-C*06:02 is a risk allele for susceptibility to chronic/recurrent tonsillitis, with an OR of 2.3 (P ϭ 4.8 ϫ 10 Ϫ4 ). The frequency of HLA-C*06:02 was 14% in the tonsillitis cases and 6.7% in the controls. Haplotype analysis pointed toward HLA-C*06:02/HLA-B*57:01 as the haplotype conferring the strongest risk for tonsillitis, with an OR of 6.5. This haplotype was present in 4.7% of the case chromosomes and only 0.8% of the controls. These data indicate that the presence of the HLA-C*06:02 allele increases the risk of the individual for tonsillitis, and the risk is particularly high with the specific haplotype HLA-C*06:02/HLA-B*57:01. Comparison of the imputed HLA data in tonsillitis and a set of Finnish psoriasis patients showed that the same alleles and haplotypes were associated with both diseases. Reanalysis of the MHC region SNPs also showed that the two independent association peaks in these two conditions overlapped. Because of the small patient sample size, it is possible that the results do not represent distribution of the whole population, and a larger sample size would increase the significance of the study. The revealed tonsillitis loci, however, are also in line with other psoriasis reports on various independent signals in the MHC region (30, 31) . As shown by others, the presence of the HLA-C*06:02 allele not only affects the frequency of the bacterial load in asymptomatic individuals but also, as seen in our clinical study population (Table 3) , correlates with a clinical tonsillar disease (18) . A prospective study of 28 tonsillectomy patients also points to association of HLA-C*06:02 with streptococcal throat infections and suggests that the degree of clinical improvement after tonsillectomy is associated with HLA-C*06:02 homozygocity (32) . The finding that psoriasis and streptococcal tonsillitis share the same risk allele is not unexpected, because streptococcal M protein is known to induce activation of the skin-homing CLA ϩ CD8 ϩ T cells that are found in psoriasis skin lesions at high frequencies (25) . These cells express the polymorphic HLA class I antigen HLA-C, where the psoriasis-associated HLA-C*06:02 allele seems to affect the phenotype of the disease (33) . In conclusion, our study suggests a shared HLA association between streptococcal tonsillitis and psoriasis. This may point to a role of HLA-C in pathogenesis of streptococcal tonsillitis on the molecular level and might, to some extent, explain why tonsillectomy can have a beneficial effect in both recurrent tonsillitis and psoriasis. These results outline the need for molecular-level studies on HLA-C in the pathogenesis of streptococcal tonsillitis.
MATERIALS AND METHODS
Study populations. Study populations consisted of 95 Finnish tonsillitis patients and 504 control subjects. The tonsillitis cases were pediatric patients referred to Helsinki University Central Hospital for scheduled tonsillectomy due to chronic or recurrent tonsillitis and/or pharyngitis. From the total of 214 tonsillectomy patients, we included only patients with recurrent tonsillitis (at least six episodes/year or three episodes/year for two consecutive years, with at least one positive culture for GAS), prolonged tonsillar infection refractory to antimicrobial therapy, or symptomatic tonsillar hyperplasia (34) . At the time of recruitment, i.e., the admission due to tonsillectomy, a total of 24 out of 95 patients had GAS in the streptococcal throat swab culture ( Table 3 ). The study on the tonsillitis patients was approved by the Ethical Review Board of the Hospital District of Helsinki and Uusimaa (decision 647/E9/01). Written informed consent was provided by the study participants and/or their legal guardians. Immunochip genotype data from 504 Finnish controls from a DILGOM cohort of over 5,000 adult Finns were available for the study as unselected random population controls. The genotype data have been deposited at the European Genome-Phenome Archive (EGA), which is hosted by the EBI and the CRG, under accession number EGAS00001003069. The control data can be found from the Finnish National Institute for Health and Welfare biobank upon request.
Genotyping and genetic analysis. Blood samples were drawn from each patient at the time of the tonsillectomy at the Clinic of Otolaryngology, Head and Neck Surgery, Helsinki University Hospital, Helsinki, Finland. Genomic DNA was isolated from blood leukocytes using a QIAamp blood kit (Qiagen, Austria) and Puregene kit (Gentra Systems, MN, USA). The samples were genotyped at the Department of Medical Sciences, Molecular Medicine, Uppsala University Hospital, Uppsala, Sweden, with an Illumina Infinium Immunochip (Illumina, Inc., San Diego, CA) according to Illumina's protocols. Immunochip is a high-density SNP genotyping array that consists of 196,524 variants selected from previous findings from genome-wide association studies (GWAS) of immunological diseases (35) . A total of 504 control samples from the DILGOM/FINRISKI 2007 cohort were previously genotyped with Immunochip (36) .
The quality control and association analyses of the Immunochip data were performed with PLINK v1.07 (37) . The tonsillitis data were combined with the control data, and only autosomes were included. The following quality control filters were applied: minor allele frequency (MAF) of Ͼ0.01 in the cases and controls, SNP call rate of Ͼ0.95 in the cases and controls, and Hardy-Weinberg equilibrium (HWE) of Ͼ0.05 in controls. The total genotyping call rate of the individuals was 0.998. A total of 113,424 variants passed the quality control and were included in the subsequent analyses. Genome-wide pairwise identity-by-state (IBS) values were calculated to control relatedness and duplicate samples, which were not observed. Multidimensional scaling plots based on the first two components of the IBS distances and a quantile-quantile plot of observed versus expected distribution of association P values were produced to detect population outliers and stratification (Fig. 3) . The allelic association P values were adjusted for a genomic inflation factor of 1.08187 based on median chi-squared test. Five single SNPs (rs10435889 upstream of C5, rs72664814 intronic to PPP2R3C, rs1950122 intronic to LRRTM4, rs56359726 upstream of C5orf47, and rs9261313 upstream of RNF39) on different chromosomes showed the lowest association P values (Ͻ3.9 ϫ 10 Ϫ7 ). They were removed as likely genotyping artifacts, as no other nearby SNPs in LD with them were associated, and they also showed potentially false association with two other patient cohorts with other conditions genotyped in the same round (conditions not reported in this paper). The quantile-quantile plot and the Manhattan plots were created using the qqman package (38) in R, v.3.0.2. The regional association plots were generated with LocusZoom (39). The HLA genotypes were imputed from the Immunochip data with SNP2HLA V1.0.3 using the T1DGC reference panel (40) . Classical alleles and amino acid polymorphisms were imputed for HLA-A, -B, -C, DPA1, DPB1, DQA1, DQB1, and DRB1.
Previously determined Immunochip genotypes of 163 Finnish patients with psoriasis (19) were available for the comparison of HLA haplotypes carried by patients with tonsillitis and psoriasis. As the psoriasis patient samples were also previously genotyped for HLA-C by traditional methods (41), this data set was used to validate the SNP2HLA imputation accuracy. All HLA-C*06:02 alleles were correctly detected by imputation. In order to compare the association at the MHC locus in tonsillitis and psoriasis, the psoriasis Immunochip data were passed through a quality control procedure similar to that for the tonsillitis data and analyzed for association at the MHC locus using the DILGOM/FINRISKI controls with SNP2HLA-imputed HLA alleles. The strand assignment was assessed when combining the data sets and flipped when required. Totals of 14,915/128,923 A/T and C/G SNPs were removed from the data.
The haplotype association analyses were performed using a likelihood ratio test, and specific haplotypes were tested against all others using the Ϫchap option in PLINK v1.07 (37) . Accession number(s). The genotype data have been deposited at the European Genome-Phenome Archive (EGA), which is hosted by the EBI and the CRG, under accession number EGAS00001003069.
